Degradation of road tested automotive connectors by Swingler, J. et al.
IEEE TRANSACTIONS ON COMPONENTS AND PACKAGING TECHNOLOGIES, VOL. 23, NO. 1, MARCH 2000 157
Degradation of Road Tested Automotive Connectors
Johnathan Swingler, John W. McBride, and Christian Maul
Abstract—The automotive environment is particularly de-
manding on connector performance, and is characterized by large
temperature changes, high humidity and corrosive atmospheres.
This paper presents an initial study of connector performance in
terms of temperature profiles taken from road vehicles. The tem-
perature profiles are then simulated using empirical relationships
to allow prediction of connector performance.
Wire harnesses have been investigated to seek evidence of the
connector degradation predicted from the temperature data. Ini-
tial indications are that the wire harness shows the type of fret-
ting behavior associated with the temperature changes. Evidence
of fretting corrosion was found at the contact interface on tin plated
terminals from sealed and unsealed connectors.
Index Terms—Automotive connectors, degradation mecha-
nisms, operating environments.
I. INTRODUCTION
I N TERMS of reliability the connector is often a weak linkin electrical and electronic systems used in road vehicles.
The increasing complexity of systems leads to increased num-
bers of connectors, with the need to reduce packaging space. A
high specification vehicle can have in excess of 400 connectors
with 3000 individual terminals [1]. Field data has shown that be-
tween 30–60% of electrical failures are attributed to connector
problems [2], [3]. A typical failure is defined as a high con-
tact resistance or intermittent contact resistance faults [4], [5].
The degradation mechanisms, which lead to a high contact resis-
tance, have been extensively investigated over many years; this
has resulted in accelerated simulated tests to aid in connector
design and verification of performance [6]–[11]. Recent studies
have shown that synergistic relationships between the degrada-
tion mechanisms can lead to more complex failure modes than
previously assumed [2].
The aim of this study is to collect data on environmental con-
ditions, which will lead to a better understanding of connector
failure mechanisms. The study includes data collection of tem-
perature, humidity and vibration related to specific connectors
on vehicles under test in the United Kingdom, Canada, and the
United States. The United Kingdom data is for temperate condi-
tions, while the data collected in the USA is for hot arid condi-
tions, and in Canada cold winter conditions. In this paper initial
results are presented on the temperature characteristic of con-
nectors on a road vehicle in the United Kingdom. This paper fo-
cuses upon several features exhibited in the temperature profile
of a selection of connectors. An empirical temperature model
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is developed to generalize the features observed, and the rate
constants are discussed. Following this an analysis of sample
connectors is presented showing the degradation mechanisms
associated with these temperature features.
II. METHODOLOGY
The connectors in a motor vehicle will experience a number
of operational stresses from the external and local environment.
In this paper the emphasis is on temperature data. The stresses
the connector can experience are:
Temperature: The automotive connector is usually classified
in one of several high temperature operating regimes, e.g.: 85,
105, 125, and 155 C [12].
Corrosive Gas Attack: The most common corrosive gas is
oxygen leading to the formation of undesired oxides. Other
gases include SO , NO Cl , and H S.
Humidity: Corrosion is exacerbated by humidity where
water can condense to form galvanic cells. Mechanical wear
of a contact surface has been reported to be influenced by
humidity levels [13].
Vibration: Sources of vibration include the engine, gearbox,
power train and vibrations transmitted through the suspension.
A. Temperature Measurements
The connector temperature was measured with standard
K-type thermocouples. The thermocouples were attached to
the connector housing facing the engine, since this is where the
highest temperatures are expected. The signals were sampled
every 90 s.
The temperature profiles of three types of connector are con-
sidered in this paper. These connectors are taken from a number
of positions in the engine compartment of a vehicle where a va-
riety of temperature levels can be identified. The types of con-
nector include
• low temperature (85 C) sealed connector mounted on the
body;
• medium temperature (105 C) sealed connector mounted
on the body;
• high temperature (125 C) sealed connector mounded on
the engine.
III. TEMPERATURE RESULTS
A considerable amount of data has been acquired typified by
the profile shown in Fig. 1. This figure shows a snapshot of
temperature data collected from one connector as the vehicle
was driven following a test procedure lasting several days, in the
UK. Two 4-day tests and one 15-day test were carried out. The
temperature was monitored continually for the whole test with
1521–3331/00$10.00 © 2000 IEEE
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Fig. 1. Typical acquired experimental data.
a sample rate of 90 s. The test procedure consisted of several
elements: warm up while stationary, driving at specific speeds
for set time periods, letting the vehicle stand stationary while
the engine ran for set time periods, and turning off and letting
the engine cool. The example data in Fig. 1 shows results from
a single connector taken over a 24-h period. The figure shows
there are sudden increases and decreases in temperature from
273 to 303 K. The slow decrease in temperature indicated in
the middle of the graph corresponds to the engine being turned
off. The rapid changes in the temperature data correspond to
conditions where the vehicle is stationary for a period (heating
up) before moving off (cooling down).
It was found that the connector temperature was a function
of several parameters such as vehicle velocity, the speed of the
engine (RPM), whether the cooling fan had been activated, con-
nector type and its position under the bonnet.
Data collected from vehicles in Canada and the USA show
that for the Type III connector, the highest temperature was sim-
ilar in all environments. The further away the connector from the
engine the more significant the influence of the ambient temper-
ature, [14].
IV. TEMPERATURE MODEL
The objective of the model is to give a temperature profile
of an automotive connector at particular scenarios for a limited
number of input parameters. The empirical temperature model
was developed to generalize features in the data by using a min-
imal number of these parameters. The features of interest are:
1) rapid increase in temperature on vehicle start-up (thermal
shock);
2) highest temperature achieved;
3) the fast changes in temperature when the vehicle is trav-
eling;
4) slow cooling when vehicle is at rest.
The expressions used in the model are based on an exponen-





connector temperature at time into a scenario;
temperature at the start of that scenario;
final temperature of the scenario;
rate constant.
The model is developed for three scenarios, where the inputs are
limited to temperature parameters and a rate constant. A current
loading term is not included in the temperature model since in
all cases the thermocouples are mounted on the housing surface,
and therefore primarily reflect the local ambient temperature.
A. Stationary Vehicle with a Connector Heating-Up
The experimental data show that the sample connectors
heated-up to a maximum temperature dependent upon the
connector type and position. The temperature change ( )
for the heat up part of the cycle, is used in (2) to model the
behavior using the values shown in Table I. and
values were taken from the experimental data. The profiles,
, were found by fitting the best curve to the experimental
data so as to maximize the correlation coefficient, . Three sets
of experimental data were used for each type of connector
(2)
Fig. 2 shows heat-up profiles for the three types of connector.
Experimental data and empirically modeled curves are shown.
The experimental data is shown to drift slightly with connector
type III and this is reflected in the correlation coefficient in
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Fig. 2. Heat-up temperature profile connectors.
Fig. 3. Cool-down temperature profile of connectors.
Table I. It is interesting to note that in all cases K is the same for
the three terminal types.
B. Stationary Vehicle with Connector Cooling-Down
Fig. 3 shows three sets of experimental data for each con-
nector type. The grey area corresponds to a large number of data
points from the experimental data. The decrease in temperature
( ) is slower relative to the heat-up. Three curves are plotted
of the model using (3) and the coefficients in Table II. These can
be seen to have a high correlation to the experimental data.
and values were taken from the experimental data
(3)
It can be seen from Fig. 3 that after 8 h (500 min) the connec-
tors are still cooling and above ambient temperature.
TABLE II
MODEL COEFFIEIENTS
C. Traveling Vehicle with Connector Cooling-Down
Duringb vehicle travel the temperature profile was found to
be dependent upon a number of parameters. However, a high and
low temperature value was found for each connector type during
travel, and + . Modeling cooling from
high to low temperature was achieved by modifying (3) without
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Fig. 4. Cooling of connectors during vehicle travel.
TABLE III
MODEL COEFFICIENTS OF TEMPERATURE DROP DUE TO VECHILE MOVEMENT
including any further parameter except . The experimental
data showed that the connectors cooled quicker when the vehicle
was moving, due to air flowing around the components. Equa-
tion (4) is used to model the experimental data using values from
Table III
(4)
Fig. 4 shows plots of experimental data and the model of
cooling to for each connector type. The empirical model for
all scenarios uses , and parameters taken from
experimental data acquired in the United Kingdom.
V. DISCUSSION
A. Maximum Temperature
Table IV summarizes the maximum temperature attained by
the sample connector types studied, C. is
the difference between the ambient temperature and the max-
imum temperature a particular connector type. The proximity
of the connector to the engine determines this temperature dif-
ference. High temperatures accelerate the physical and chemical
processes, which lead to degradation of the connector. Diffusion
of copper base material through the contact plating and surface
oxidation is known to increase with temperature. Additionally,
the change in temperature from ambient to the maximum level
TABLE IV
TEMPERATURE RESULTS
may cause differential thermal expansion, the mechanical ex-
pansion, and contraction of components, which can also lead to
connector degradation.
B. Temperature Changes
During travel, the connector temperature varies by
(between and above ambient) in a complex manner
depending upon several parameters. The magnitude of the
variation is shown in Table IV for the three types of connector.
Assuming that the temperature measured corresponds to
the metallic component temperature. Considering a copper
component of 1 cm in length, this would expand by between
3.5–5.5 m for the temperature variation observed in the three
types of connector studied ( in Table IV). This type of
temperature change is thought to cause fretting action at the
contact interface of the connector [16].
C. Rate Constants (K)
, , and are rate constants relating to the change in
connector temperature from 1) ambient to maximum, 2) max-
imum to ambient, and 3) maximum to a low level due to ve-
hicle travel, respectively. is 0.1 min for all connectors and
all heat-up relatively quickly. This is due to the engine being a
heat source, which heats to its operating temperature quickly.
is between 0.004–0.008 min ; the connectors cool at a
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TABLE V
TIME TO REACH GIVEN TEMPERATURE
relatively slow rate compared to heating up. This is due to the
engine having a high thermal capacity, which acts to maintain
the connector temperature for a longer period. In addition those
connectors which are closer to the engine cool slower (Type III,
0.004 min ) than those furthest from the engine (Type I,
0.008 min ). During travel the connectors cool quicker
than they are heated, is between 0.15 and 0.25 min . This
is due to airflow circulating around the connectors. Type III con-
nectors had a higher degree of shielding from the airflow than
Type II. Type I had the least shielding and thus cooled at the
quickest rate.
The experimental data showed that there were multiple rates
of temperature change depending upon the operating scenario.
Table V summaries the time taken for connector types to reach
particular temperature levels calculated from the empirical
model. The model shows that it takes 40 min to achieve at
least 98% ( ) of the high operating temperature when the
vehicle is stationary. This applies to all three types of connector
with a rate constant min . These have a half-life,
min. The and are calculated from the
model by (5),
(5)
The rate of cooling of the different types of connector when
the vehicle is stationary varies (see in Table I) but takes in
excess of eight hours to reach 98% of cooling to ambient tem-
perature (see Table V). When the vehicle is in motion it takes
between 15–26 min to reach 98% of the low operating temper-
ature.
The temperature profile of a connector is expected to influ-
ence its degradation mechanisms. High temperatures increase
physical and chemical processes, and temperature changes re-
sult in differential thermal expansion of components.
D. Degradation Mechanisms
Degradation mechanisms can be divided into three main
types: 1) chemical, 2) mechanical, and 3) physical, plus a
further type caused by combining mechanisms [2]. High
temperature stress and temperature change stress, have an in-
fluence on all these mechanisms. Temperatures influence both
chemical and physical processes in an Arrhenius manner with
increased rate of reaction related to increased temperature [14].
Additionally, temperature changes in a body cause mechanical
stress due to differential thermal expansion and contraction of
component parts.
Fig. 5. Fretting corrosion on terminals.
Fretting corrosion is a degradation mechanism, which arises
from the combined effect of mechanical micromovement at an
interface and corrosion of that surface [16], [17]. Differential
thermal expansion and contraction is thought to be the major
contributor to low frequency micromovements of contacting in-
terfaces. Tin-based contact systems can be particularly prone to
this resulting in high resistance values across the connector.
To investigate connector degradation mechanism, a study has
been undertaken using wire harnesses from life tested vehicles.
The objective is to gain a better understanding of the influence
of environmental stresses on connector degradation.
VI. FIELD STUDY OF CONNECTORS
To investigate the degradation of connectors in service, a
range of life tested wire-harnesses have been studied.
A. Contact Interface
1) Unsealed Low Temperature Connector: The terminals of
unsealed connector sockets and relay modules have been ex-
amined. These were tin plated and specified for the low tem-
perature regime. Evidence for fretting corrosion at the contact
interface was clearly seen on the samples and is exemplified in
Fig. 5. This shows the four terminals of the relay module. The
dark spots are the areas of contact, which are covered in small
pieces of debris [2] shown more clearly in scanning electron mi-
croscopy. Fig. 6(a) is a scanning electron micrograph showing
an example of one of these areas. A closer examination of the
scar showed debris around the periphery of the scar, an indi-
cator of fretting corrosion. Fig. 6(b) is a copper elemental map
of the area and shows high levels of copper in the middle of the
wear scar. This indicates that the top plate has undergone wear
revealing the copper base material an indicator of fretting.
2) Sealed High Temperature Connector: The connectors
studied had tin plated and gold plated terminals. Evidence
of fretting corrosion was seen on the tin plated samples as
illustrated in Fig. 7. This shows a scanning electron micrograph
of the contact area which shows debris scattered around the
periphery of the contact area. Fig. 7(b) is a copper elemental
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Fig. 6. (a) SEM and (b) Cu analysis of contact area.
Fig. 7. (a) SEM and (b) Cu analysis of contact area.
map of this area showing that the top plate has undergone wear
by reveal the copper base material. Gold plated terminal showed
minimal evidence of wear and corrosion. It was difficult to find
any wear scar on the surface.
B. Crimp Interface
A cross section of a socket crimp from an unsealed low tem-
perature connector is shown in Fig. 8. This is an example of one
of the unsatisfactory crimp joint investigated on the harnesses.
Voids between conducting strands of the wire and the crimp wall
can be seen along with over-folding of the crimp arms. This indi-
cates a poorly formed crimp during the manufacturing process.
However, no evidence was found of crimp degradation.
C. Resistance Measurements
The electrical resistance across a connector will include the
crimp contact resistance, the resistance across the bulk material
used in the terminals and the resistance across the contact in-
terface. Increases in resistance due to degradation usually occur
across the contact interface and across the crimp interface.
Resistance measurements were taken across twenty-four
unsealed low temperature connector terminals from wiring
harnesses of vehicles, which had undergone road testing.
Fig. 8. Cross-section of crimp.
Two dry circuit measurements were taken across, the contact
interface and crimp interface together, and the contact interface
only. Fig. 9 shows a range of resistance values measured across
24 sample terminals. Three plots are shown: 1) a measurement
across the whole connector terminal which includes the contact
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Fig. 9. Resistance measurement of connector terminals.
interface and crimp, 2) a measurement across the contact
interface, and 3) by subtracting the previous two, a value is
calculated which includes the resistance value across the crimp
interface.
Fig. 9 shows that the crimp interface gives a contact resis-
tance value lower than the contact interface between the two ter-
minals. This would be expected since that the crimp contacting
force would be higher than the contact normal force supplied
by a spring mechanism. The results presented in Fig. 9 show
low connector resistance even though both the crimp interfaces
and the contact interface are far from satisfactory. A feature of
fretting corrosion is that the interface can self-heal by pushing
resistive debris away from the metal-to-metal contact areas, thus
maintaining a low resistance value. However, intermittent high
values can occur.
D. Discussion of Field Data Results
The range of temperature variation seen by the automotive
connector shown in this paper could be expected to lead to fret-
ting behavior. The data shown in Fig. 1 over a 24-h period can be
simplified into approximately 10 cycles of heating and cooling.
It has been demonstrated elsewhere that tin based connectors
with a single rider can demonstrate a contact resistance failure
after as few as 100 cycles, [18]. In most cases commercial con-
nectors use a minimum of two connecting surfaces, and in this
case failure has not been detected after 2000 cycles, [2]. It is
proposed that the difference between the two results is because
of the self-healing affect and that to get a failure with two sur-
faces both contacts should reach failure at the same time. The
results shown in this paper for the field-tested connectors show
no significant contact resistance failure, but show wear scars.
Either temperature cycling or vibrations can produce the wear
scars identified in the study.
VII. CONCLUSIONS
The results presented are an initial study of connector perfor-
mance in a vehicle. This paper presents field data on the tem-
perature cycling of connectors. It shows that the cycling process
is a complex interaction of the driving conditions and the envi-
ronment. In some situations rapid changes in the temperature
have been observed, the monitoring of which has been limited
by the sample rate used. There is a need to improve the sample
rate. Measurements currently being made use a 10-s sampling
interval. The results presented are for the temperature on the
connector housing.
An empirical model of temperature behavior for three types
of connector is presented based on real environmental data
obtained from the road-tested vehicles. The model simulates
heating and cooling of the connector when the vehicle is sta-
tionary and moving. When the vehicle is traveling the behavior
is complex but is bounded by an upper and lower temperature
limit.
High temperatures accelerate chemical and physical pro-
cesses leading to degradation of the connector. Temperature
changes cause differential thermal expansion and contraction,
which lead to fretting corrosion. Both sealed and unsealed tin
plated connector terminals, which had undergone road testing,
showed evidence of fretting corrosion. Debris and a wear scar
were found at the contact interface on sample connectors.
However, contact resistance values were within a satisfactory
level when measured in the laboratory before the terminals
were separated.
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